Echocardiograms were performed on premature infants with a patent ductus arteriosus (PDA) in order to assess the magnitude of the left-to-right shunt. Ten of 14 infants with a hemodynamically significant PDA required ligation because of intractable cardiac failure. Twenty infants served as controls. These consisted of seven infants without heart disease, ten infants who were examined echocardiographically after surgical ligation of a PDA, and three infants who were considered to have closed the PDA spontaneously prior to echocardiographic examination. We measured the left atrial (LA) and aortic root (Ao) diameters and an LA/Ao ratio was used to assess left atrial size.
WE HAVE PREVIOUSLY reported the high incidence of patent ductus arteriosus in premature infants.' More than 15% of infants with a birth weight under 1750 grams have clinical and hemodynamic evidence of patent ductus arteriosus. Clinical evidence of patent ductus arteriosus is frequently noted in infants who have idiopathic respiratory distress syndrome (IRDS) or who are recovering from this syndrome. It is often very difficult to assess the relative contributions of the pulmonary disease and of the left ventricular failure associated with left-to-right shunting through the ductus arteriosus, to the respiratory distress. The distinction is important as ligation of the ductus arteriosus usually results in rapid improvement of the respiratory distress if it is predominantly related to the ductus arteriosus shunt. 2 We have frequently found it Idiopathic respiratory distress syndrome necessary to resort to cardiac catheterization or aortography to make this distinction.
We have assessed the value of echocardiography in providing an indication of the magnitude of the ductus arteriosus left-to-right shunt. Hirata et al. 3 found that there was a good correlation between left atrial diameter measured echocardiographically and the volume of the left atrium assessed by biplane cineangiography. Recently Carter and Bowman4 demonstrated a close correlation between the left atrial diameter measured by echocardiography and the magnitude of left-to-right shunts in patients with ventricular septal defects. We measured left atrial diameter in a group of premature infants in whom the presence of large left-to-right shunts through the ductus arteriosus was documented by other means. Control measurements were made in those infants in whom the ductus arteriosus had been surgically ligated and also in infants who had no clinical manifestations of patent ductus arteriosus. Since left atrial diameter varied greatly with the weight of the infant, we evaluated the use of a ratio of left atrial to aortic root diameter (LA/Ao) in assessing the magnitude of the left-to-right shunts in these infants.
Material and Methods Echocardiographic examinations were performed on 21 premature infants with birth weights of 700-2160 g; they were 1-35 days old at the time of the initial study. Fourteen were suspected to have a patent ductus arteriosus based on criteria we have previously reported.1 2 These include a systolic murmur at the mid or upper left sternal border, accentuated peripheral arterial pulses, a hyperactive precordial impulse, and recurrent episodes of bradyeardia or apnea. A rise in systemic arterial Pco,, deteriorating respiratory function after initial improvement in infants with respiratory distress, and increasing opacification of the lung fields on chest roentgenograms also suggested the development of left ventricular failure due to a large ductus left-to-right shunt. Aortic cineangiography confirmed the presence of a large left-to-right shunt through the ductus arteriosus in seven of the 14 infants; six of the seven required surgical ligation of the ductus; four other infants who were showing rapid clinical deterioration were subjected to surgery without preliminary aortography. At surgery the ductus arteriosus was estimated to be about the same diameter as the descending aorta in all ten infants. The remaining four infants with patent ductus arteriosus were treated with digitalis and diuretics and the ductus closed spontaneously over a period of three to seven days.
We also obtained echocardiographic measurements on 20 premature infants used as a control group. This group included the ten infants who had undergone surgical ligation of the ductus arteriosus, three of the four infants in whom spontaneous closure occurred, and seven infants who had no clinical evidence of a patent ductus arteriosus.
Only one echocardiographic examination was performed in six of the seven patients without patent ductus arteriosus. Sequential observations were made in one patient without a patent ductus arteriosus and in all 14 infants with a patent ductus arteriosus; eight had two examinations and seven had more than two studies.
Echocardiograms were recorded on polaroid film using a Picker Model 103 Ultrasonoscope and a 2.25 MHz transducer 0.5 inches in diameter, with an acoustical lens providing collimation of the beam for a tissue depth of 5cm. Infants were examined in the intensive care nursery without sedation while they rested in their warmers. The transducer was applied to the chest wall at the level of the third or fourth intercostal space at the left sternal border and it was directed to obtain clear echoes from the anterior leaflet of the mitral valve; it was then angled cephalad and medially to obtain echoes from the anterior aortic wall where the valve cusps were identified. The sensitivity of the recorder was adjusted to obtain the clearest possible echoes from the anterior and posterior walls of the aortic root and the posterior left atrial wall. The aortic root diameter (Ao) was measured from the anterior edge of the posterior aortic wall echo to the anterior edge of the anterior aortic wall echo at the end of ventricular systole. Left atrial diameter (LA) was measured from the anterior edge of the posterior aortic wall echo to the endocardial surface echo of the posterior left atrial wall at end ventricular systole, as described previously by Hirata et al.' These measurements are demonstrated in figure 1 . We measured three consecutive cycles to obtain average dimensions of left atrial and aortic root diameter; the ratio of left atrial to aortic root diameter (LA/Ao) was calculated for each examination. The LA/Ao ratios were compared statistically in the infants with patent ductus arteriosus and the control group using Student's unpaired ttest. In the ten infants who underwent surgery the ratios were compared in the pre and postoperative periods using the Student's paired t-test. We also compared the postoperative ratios in the ten infants who underwent surgery to the other ten patients who were in the control group using an unpaired t-test.
Results
The weights and ages of the infants and their left atrial and aortic root diameters and the ratios of left atrial to aortic diameters (LA/Ao) are shown in table 1 . The left atrial and aortic root diameters correlated poorly with the weight and the age of the infants. Figure 2 shows that the LA/Ao ratios in the infants in the control group were similar; the mean was 0.86 and the standard deviation ± 0.10. Furthermore, control infants with IRDS did not differ significantly from the remainder of the control group. The infants with patent ductus arteriosus had a mean LA/Ao ratio of 1.28 (standard deviation of ± 0.23), which was significantly different from the control group (P< 0.01). Figure 3 shows the echocardiograms before and after surgical ligation in one infant. Figure 4 shows the LA/Ao ratios before and after surgical ligation of the ductus arteriosus in all ten infants who underwent surgery.
The mean LA/Ao ratio before surgery was Echocardiograrn to demonstrate the points used to measure the aortic root (Ao) and left atrial (LA) diameters.
In seven infants we obtained serial measurements of the LA/Ao ratio which correlated well with the changes in the clinical condition of the infants. One example of this relationship is shown in figure 5 . The LA/Ao ratio was high when there was clinical evidence of cardiac failure and fell after treatment with digitalis. When clinical deterioration occurred despite continued treatment with digitalis and diuretics, the ratio again increased. Following surgery there was a marked reduction in the ratio to control levels. In all infants in whom we made repeated measurements there was no significant change in aortic diameter over the course of the few days of examination despite marked variation in the clinical condition and the left atrial diameter. The presence of patency of the ductus arteriosus in premature infants usually is not difficult to recognize by clinical examination. However, it may be difficult to assess the magnitude of the left-to-right shunt, particularly in infants with idiopathic respiratory distress syndrome. Although aortography performed by retrograde passage of a catheter through an umbilical or femoral artery has very little risk when performed skillfully, the possibility of infection or arterial complications does exist. The risks are even greater if it is necessary to perform more than one procedure. We have evaluated the use of echocardiography in assessing the magnitude of the left-to-right shunt in premature infants with patent ductus arteriosus.
Since it has previously been reported that left atrial diameter measured by ultrasound is related to the size of the left-to-right shunt in patients with ventricular septal defect,4 we explored the possibility of applying this approach in the study of premature infants. Although some measurements of left atrial diameter in full term infants have been reported,5 7 The mean and individual LA/Ao ratios in 14 patients with patent ductus arteriosus and a control group of 20 patients without significant heart disease. of normal measurements. We therefore explored the possibility of comparing left atrial diameter with another cardiac structure which could be readily identified by echocardiography and which did not change significantly with changes in the size of the left-toright shunt.
The aortic root can be easily identified just anterior to the left atrium in the same ultrasound echo viewing of the atrium, so that the diameters of these two structures can be measured. Neither aortic nor left atrial diameter correlated well with the infants' weights or ages. We noted, however, that in sequential observations made over several days in the same infant, aortic diameter remained constant, even though there were marked changes in the left-to-right shunt assessed by clinical means.
Analysis of reported measurements of aortic root and left atrial diameters have shown a ratio of about 1.0 in normal full-term infants.5-7 We found a ratio of 0.86 and the difference is related to the method of measurement of the diameters. We elected to use the technique we have previously described since it minimizes distortion in axial resolution obtained at high gain settings. The ratio of left atrial to aortic diameters (LA/Ao) was shown to be a valuable indicator of the magnitude of the left-to-right shunt at all ages in the premature infants in our series. Significant cardiac failure with a large left-to-right ductal shunt was always associated with an LA/Ao ratio greater than 1.15 and in fact, those infants requiring surgical ligation of the patent ductus arteriosus had a mean ratio of 1.39 . Only one infant with a ratio above 1.15 spontaneously closed the ductus arteriosus after intensive therapy with digitalis and diuretics. The clinical deterioration of all the others required surgical intervention.
Our studies also showed that the presence of severe respiratory distress in the absence of a ductal left-toright shunt did not affect the LA/Ao ratio. The LA/Ao ratio rapidly decreased after surgical ligation of the ductus arteriosus and in all ten infants had fallen to below 1.0 within 24-72 hours.
The ratio is therefore extremely valuable in assessing the magnitude of left-to-right shunting in an infant with idiopathic respiratory distress syndrome in whom a co-existing patent ductus arteriosus is suspected clinically. The ratio is also valuable in diagnosing the presence of a patent ductus arteriosus in certain other infants during the acute phase of IRDS. Although unusual, some infants may not demonstrate the recognized clinical features of patent ductus arteriosus and the presence of a large ductal left-to-right shunt has been demonstrated by finding a high LA/Ao ratio.
Repeated measurements of the LA/Ao ratio are also very useful in following the course of premature infants with patent ductus arteriosus. As is shown in figure 5 there is a close correlation between the clinical manifestations of cardiac failure and the LA/Ao ratio. Improvement of the cardiac failure by administration of digitalis is usually associated with a fall in the ratio, but a continued secondary increase in the ratio usually portends progressive failure which generally leads to the requirement of surgical ligation of the patent ductus arteriosus.
We would like to stress that the LA/Ao ratio is also affected by left ventricular failure. Since patent ductus arteriosus is the commonest cause of left ventricular failure in premature infants, an increased ratio usually signifies the presence of a hemodynamically significant patent ductus arteriosus. A high ratio could, however, be associated with any of the other causes for left ventricular failure, and it is important to consider that lesions other than patent ductus arteriosus may cause left ventricular failure in premature infants.
